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Abstract

Purpose DT-IgG is a fully humanized dual-target thera-

peutic antibody being developed to simultaneously target

epidermal growth factor receptor (EGFR) and vascular

endothelial growth factor (VEGF), important signaling

molecules for tumor growth. The antitumor pharmacody-

namics (PD) of DT-IgG was studied in nude mice bearing

human tumor xenografts with different EGFR and VEGF

expressions and K-ras oncogene status and compared with

bevacizumab, cetuximab and bevacizumab ? cetuximab.

Methods Mice bearing human oral squamous cell carci-

noma (Tu212), lung adenocarcinoma (A549), or colon

cancer (GEO) subcutaneous xenografts were administered

with the antibodies intraperitoneally (i.p.), and tumor vol-

umes were measured versus time. Nonlinear mixed effects

modeling (NONMEM) was used to study drug potencies

(IC50) and variations in tumor growth.

Results The PD models adequately described tumor

responses for the antibody dose regimens. In vivo IC50 values

varied with EGFR and K-ras status. DT-IgG had a similar

serum t1/2 as cetuximab (*1.7 vs. 1.5 day), was more rapid

than bevacizumab (*6 day), and had the largest apparent

distribution volume (DT-IgG [ cetuximab [ bevacizumab).

The efficacy of DT-IgG was comparable to bevacizumab

despite lower serum concentrations, but was less than

bevacizumab ? cetuximab.

Conclusions A lower IC50 of DT-IgG partially compen-

sated for lower serum concentrations than bevacizumab

and cetuximab, but may require higher doses for compa-

rable efficacy as the combination. The model adequately

predicted variations of tumor response at the DT-IgG doses

tested and could be used for targeting specific tumor effi-

cacies for future testing.

Keywords DT-IgG � Targeted antibody � EGFR � VEGF �
Bevacizumab � Cetuximab � Pharmacokinetics �
NONMEM � Tumor population pharmacodynamic model

Introduction

Several humanized and chimeric monoclonal antibodies

(MAbs) have been developed to target growth factor

receptors involved in the vascularization and growth of

solid tumors [1]. VEGF is an essential growth factor for
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tumor vascularization and angiogenesis, which stimulates

the growth of endothelial cells and increases vascular

permeability [2]. The recombinant humanized IgG1

monoclonal antibody bevacizumab binds to the VEGF and

inhibits its activity, thereby inhibiting angiogenesis and

impeding tumor growth. Studies have established the

benefits of combining bevacizumab with chemotherapy

over monotherapy [3]. Bevacizumab is currently approved

in combination with standard chemotherapy for the treat-

ment of metastatic colon, non-small-cell lung and breast

cancers. More recently, it has been used as a single agent

for the treatment of glioblastoma multiforme with pro-

gressive disease following prior chemotherapy and surgery

[4]. A recent large observational cohort study in metastatic

colorectal cancer suggests an overall survival advantage of

nearly 32 months in continuing bevacizumab [5, 6]. The

clinical benefit of bevacizumab in metastatic colorectal

cancer is independent of K-ras mutation status as shown by

analysis of a phase III study of bevacizumab with che-

motherapy in previously untreated metastatic colorectal

cancer [7, 8]. The benefit of combining chemotherapy with

bevacizumab is limited by the observed toxicities, which

include hypertension (22–32% incidence in metastatic

colorectal cancer), proteinuria and arterial thrombosis

[9–14]. Further evidence of bevacizumab-induced toxicity

has been observed in a recent study in engineered mice

expressing humanized VEGF-A [15].

Overexpression of the epidermal growth factor receptor

(EGFR) correlates with poor prognosis in individuals with

head and neck, lung, breast, colon, and prostate cancers

[16, 17]. The chimeric human–murine IgG1 antibody cetuxi-

mab binds to the external domain of EGFR, blocking

phosphorylation to the active form, leading to receptor

internalization and degradation [18]. Cetuximab is cur-

rently approved for the treatment of head and neck and

colorectal cancer [19]. However, the presence of K-ras

mutations has been associated with resistance to cetuximab

and poor survival in patients with advanced colorectal

cancer [20–22].

The VEGF and EGFR pathways are interconnected in

promoting angiogenesis and tumor growth [23, 24], and

positive outcomes of a phase I/II study with the combination

of erlotinib and bevacizumab in HNSCC have supported the

premise of targeting both EGFR and angiogenesis [25].

However, negative outcomes have been reported in studies

involving the combination of bevacizumab and with either

cetuximab [21] or panitumumab [26] in metastatic colorectal

cancer, indicating the possibility of negative interaction

between certain targeted antibodies. Furthermore, non-pref-

erential delivery of anti-angiogenic agents may be respon-

sible for their common side effects including hypertension,

proteinuria, and bleeding [3, 13, 27, 28]. Therefore, there is a

need for the development of new anti-angiogenic agents.

A dual-targeting antibody DT-IgG was developed by

introducing anti-VEGF and anti-EGFR domain antibodies

(dAbs) onto the heavy and light chains, respectively, of

an IgG1 constant region to create a dual-targeting IgG

(DT-IgG). This bispecific antibody could potentially act by

blocking either angiogenesis and/or EGFR-dependent sur-

vival pathway, thereby targeting tumors regardless of K-ras

mutation status. Since many tumors overexpress EGFR,

this antibody could potentially lead to more specific bind-

ing of the chimeric antibody with the EGFR in these

tumors, resulting in a preferential delivery of the anti-

VEGF activity to the tumor bed than to non-tumor tissues

with lower EGFR. This may result in a reduction in side

effects secondary to non-specific VEGF inhibition, which

have occurred in some trials with bevacizumab [13]. The

use of a single dual-targeting antibody may also be easier

to administer than separate molecules with differing phar-

macokinetic (PK) profiles and could avoid possible inter-

actions between two separate monoclonal antibodies [21].

Dual-targeting IgG antibodies have previously been stud-

ied. For example, Genentech has explored the therapeutic

potential of an antibody targeting HER2 and VEGF, and its

crystal structure has been revealed [29].

Tumor growth usually demonstrates Gomperzian-like

kinetics, characterized by an initial exponential volume

increase, followed by a linear growth phase and eventual

plateauing to a pseudo-steady-state volume, which could

result from tumors outgrowing their blood supply [30, 31].

Gomperzian models have been developed, which include

the PK and pharmacodynamics (PD) of anticancer drugs

for modeling responses in preclinical [32–37] and clinical

[38] studies versus dosage regimen.

In this study, the tumor suppression of DT-IgG was

compared with those of bevacizumab or cetuximab alone

and in combination in mice bearing human tumor xeno-

grafts. A population PK-PD model based on a previous

Gomperzian tumor kinetic model [34] was then fitted using

a nonlinear mixed effects program (NONMEM 7.1, Ellicott

City, MD), to study medians and variations in tumor

growth inhibition of the tumor xenografts, as a function of

their PK and potencies. The suitability of the population

PK-PD model to predict variations in tumor response

versus DT-IgG treatment was also tested, for use in the

development of dose regimens for further preclinical

studies.

Methods

Cell lines and reagents

Head and neck cancer (HNSCC) Tu212 cells were pro-

vided by Dr. Gary L. Clayman (MD Anderson Cancer
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Center, Houston, TX) and were maintained in DMEM/F12

(1:1) medium supplemented with 5% heat-inactivated fetal

bovine serum (FBS) in a 37�C, 5% CO2 humidified incu-

bator. A549 lung cancer cells were obtained from Dr. Shi-

Yong Sun (Emory University, Atlanta, GA) and cultured in

RPMI1640 with 10% FBS. GEO human colon cancer cells

were obtained from Dr. Davide Melisi (MD Anderson

Cancer Center—University of Texas) and were maintained

in 5% DMEM medium. Cetuximab was obtained from

ImClone (New York, NY) and bevacizumab from Genen-

tech (San Francisco, CA).

Construction and production of the DT-IgG antibody

targeting EGFR and VEGF

DT-IgG was constructed by grafting two independently

selected human single-domain antibodies (dAbs) that bind

VEGF and EGFR onto the constant region framework of

human IgG1 using a previously published technique [39].

Briefly, the dAbs were selected using phage display tech-

niques against recombinant VEGF (VH dAb) and recom-

binant human EGFR (Vk dAb) and were cloned in frame

with the IgG1 heavy chain CH1-3 and light chain Ck

coding regions in transient mammalian expression plas-

mids. To produce the DT-IgG, the individual plasmids

expressing the EGFR and VEGF domains were co-trans-

fected into HEK293/6E cells using conventional tech-

niques in serum-free medium [40]. DT-IgG was purified

from the culture supernatant by capture on a Stream Line

Protein-A column (Amersham) followed by elution in

10 mM citrate (pH 3.0) and subsequent reformulation into

100 mM citrate (pH 6.0) with 10% PEG-300 and 5%

sucrose. The approximate molecular weight of DT-IgG

(145 kD) is similar to cetuximab (146 kD) and bev-

acizumab (149 kD).

Tumor xenograft studies

All studies were conducted after review by the GSK

Institutional Animal Care and Use Committee and in

accordance with the GSK Policy on the Care, Welfare,

and Treatment of Laboratory Animals and were approved

by the Institutional Animal Care and Use Committee

(IACUC) of Emory University. Human tumor cells were

inoculated into the flanks of 4–6-week-old athymic nu/nu

mice (Taconic, NY) with 2.5 9 106 (TU212) or 5 9 106

(A549 and GEO) cells/mouse, respectively. The average

weight of the mice was *20 g. Tumors were grown until

they reached a volume of *125 mm3 before initiating

treatment with the various antibodies. The treatment dos-

ages for Tu212 xenografts (starting on day 8 after

implantation) were as follows: 1.25 mg/kg of IgG, bev-

acizumab, cetuximab or a combination of bevacizumab

with cetuixmab, once/week; DT-IgG at 0.625 mg/kg twice/

week (n = 7), 1.25 mg/kg twice/week (n = 7), or 1.25 mg/kg

once/week (n = 8) for 29 days. The dosages for A549

xenografts (commencing on day 8 after implantation) were

as follows: 2.5 mg/kg twice/week (n = 9/treatment group)

IgG, bevacizumab, cetuximab, bevacizumab ? cetuximab

or DT-IgG intraperitoneally (i.p.) for 31 days. The dosages

of the various antibodies for GEO xenografts (commencing

on day 7 after implantation) were 2.5 mg/kg twice/week

for 26 days (n = 8/treatment group). Tumors were mea-

sured three times a week, and volumes (V) were calculated

using the formula:

V ¼ p=6� larger diameter� smaller diameterð Þ2; ð1Þ

as reported previously [41]. Animals were observed daily

for clinical signs of toxicity and weighed twice per week.

Mice were killed at the end of experiment or when tumor

diameters reached 2 cm in diameter. Tumor volumes ver-

sus time profiles were obtained in all animals.

Statistical comparison of relative potencies

of antibodies within cell lines

The tumor growth kinetics of mice bearing Tu212, GEO,

and A549 xenografts, treated twice per week with IgG,

DT-IgG, bevacizumab, and cetuximab were subjected to

statistical analysis. Mice bearing Tu212 xenografts

received 1.25 mg/kg of antibody twice per week, while

those bearing GEO and A549 xenografts received 2.5 mg/

kg of antibody twice per week (Fig. 1). Tumor growth

kinetics of each cell line was compared versus treatment

using general linear mixed modeling. Type of treatment

and time of measurement and their interactions were

included in the model as fixed effects. Assumptions used in

the analysis included compound symmetry (CS), autore-

gressive (AR(1)), Type H (HF), unstructured (UN), and

variance component (VC). In each case, the best model was

selected based on a likelihood ratio test for nested models

using Akaike and Bayesian information (AIC/BIC) criteria

for non-nested models. Pair-wise comparisons of mean

differences between the estimated least square means of the

various treatments were performed using a student t test,

with a Bonferroni correction for multiple comparisons.

A P-value of \0.05 was considered significant. Analyses

were performed using the SAS statistical program (ver. 9.2,

Carey, NC).

Serum PK

The single dose of DT-IgG was studied in female BALB/c

mice injected i.p. with a 5 mg/kg body weight dosage of

DT-IgG. Blood samples were collected at 0 (pre-dose) and

12, 24, and 48 h post-administration by cardiac puncture
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(n = 3/time point). Serum was separated and assayed for

DT-IgG using recombinant human EGFR (extracellular

domain) and a VEGF capture ELISA. Detection was

performed using an anti-human IgG1-horseradish peroxi-

dase-conjugated polyclonal antiserum and the substrate

tetramethylbenzidine.

The rate of decline in DT-IgG (dCp/dt) appeared mono-

exponential. Therefore, serum concentrations (Cp) versus

time profiles were fitted to a one-compartment PK model,

assuming bolus input into the central compartment using

the equation:

dCp=dt ¼ �D=Vdke ð2Þ

In this expression, D the i.p. dose, Vd is the apparent vol-

ume of distribution, and ke the elimination rate constant.

The average PK parameters of bevacizumab and cetux-

imab in mice after i.p. administration were obtained from

previous studies [42, 43]. Bevacizumab was assumed to

have an absorption rate constant from the peritoneal com-

partment of 5.79 per day (0.241 per h) and 92.8% systemic

bioavailability. The average respective volumes of distri-

bution and clearance values of the central and peripheral

compartments were 49.4 and 53.8 ml/kg and 6.27 and

87 ml/kg per day, respectively, and the terminal elimination

half-life (t1/2) was 5.5 day. [42]. The cetuximab was

absorbed into the serum compartment with a first-order rate

constant of 0.44 per h after i.p. administration and elimi-

nated with a rate constant of 0.017 per h (corresponding to a

t1/2 of *1.7 day). The apparent systemic volume of distri-

bution of cetuximab was 94 ml/kg [43].

Average PK parameters of DT-IgG, bevacizumab and

cetuximab were used for all simulations (Fig. 2) and for PD

modeling. The PK models did not consider the effect of

antibody binding and internalization on the systemic

clearance, as tumors increase in size [44]. The use of

average parameters assumes that the contribution of vari-

ations in PK had minimal effect on tumor PD compared to

other variance sources.

Tumor PD

Mixed effect modeling was used to quantify the variations

in tumor growth, using the NONMEM computer program

(version 7.1, ICON Development Solutions, Ellicott City,

MD) [45, 46]. NONMEM was run under the PLT tools

graphical interface and project controller (version 2.5,

PLTsoft, San Francisco, CA). The Fortran compiler was

GFORTRAN Windows (ver. 460, GNU Free Software

Foundation, Boston, MA).

The PK-PD relationship between Cp and antitumor

growth efficacy (E) was modeled using the Hill equation:

E ¼ ðCg
p=IC

g
50 þ Cg

pÞ ð3Þ

Equation 3 assumes that the therapeutic antibody was

present in the serum at levels much higher than the

receptors and binds rapidly and competitively with EGFR
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Fig. 1 Plot of mean tumor volume (±standard error of the mean, SE)

in nude mice bearing the following: human Tu212 oral small-cell

carcinoma (a), GEO colon cancer (b), and A549 alveolar adenocar-

cinoma (c) tumor xenografts. Mice were administered ip. injections of

IgG (IgG), DT-IgG (DT), bevacizumab (B), cetuximab (C) and the

bevacizumab ? cetuximab combination (B?C). Mice bearing Tu212

xenografts received 1.25 mg/kg of antibody twice per week, while

those bearing GEO and A549 xenografts received 2.5 mg/kg of

antibody twice per week
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and/or VEGF, directly inhibiting biological activity. It was

also assumed that the rate of turnover of the receptor

complex was much slower than the association and disso-

ciation rates.

The available data did not allow partitioning of drug

effect between the occupancy of DT-IgG to the individual

EGFR and VEGF, respectively. IC50 and (g) represent the

median serum concentration needed for 50% inhibition of

cell growth and Hill concentration exponent, respectively.

These values were considered cell line dependent, as they

rely on the density and ratio of EGFR and VEGF associ-

ated with the cell. The volume of the tumor was assumed to

be small enough such that the fraction of DT-IgG parti-

tioning into and binding with receptors in the tumors would

not appreciably affect the Vd of the drug. It was also

assumed that the turnover of the receptor complex would

not affect the serum PK of DT-IgG.

The rate of tumor growth was modeled as:

dV=dt ¼ ½L0 � V=ð1þ ðL0=L1 � VÞWÞ1=WÞ � Vðkpl

þ kDplEÞ�ð1� EÞ ð4Þ

Equation 4 was simplified from a previous model [34] for

cytotoxic drugs, under the assumption that growth inhibi-

tion of the dividing cell fraction in the tumor is directly

related to binding of DT-IgG with EGFR and VEGF. L0 is

the initial exponential phase rate constant, which is domi-

nant before the tumor growth transitions to a pseudo-linear

phase (growth rate L1). The steepness of transition from

exponential to linear growth is modeled by the parameter w.

Tumor growth eventually plateaus to a maximal volume,

influenced by kpl. Since DT-IgG acts as an inhibitor of

EGFR and VEGF, reduction in the rate of both growth and

plateau volume was considered related to E. Therefore, the

model also incorporated the coefficient kDpl, which models

any further drug-related decrease in tumor plateau volume,

proportional to E.

The variation in growth constants (L0 and L1) of tumors

between animals inoculated with the same tumor cell line

were assumed to be log-normally distributed and was

modeled using equations similar to Eq. 5 (for L0):

L0;L0;i ¼ L0;typical � eðgiÞ; ð5Þ

where L0,i is the L0 for the ith individual, gi is the popu-

lation inter-individual variation with a mean of 0 and

variance x2. L0, typical is the value for the population esti-

mate (no variation) of L0.

An exponential residual error model of tumor volume

was implemented by fitting the model to log-transformed

data, using the error structure

Y ¼ F þ EPS1; ð6Þ

where EPS1 was assumed normally distributed with mean 0

and variance r2. Therefore, predicted tumor volumes were

obtained by exponentiation of the output. Due to large

variations in tumor growth parameters and relatively small

sample sizes, standard errors were computed using the

COVARIANCE and MATRIX = S options in NONLIN

[45]. Individual Bayesian estimates of the model parameters

were calculated using the POSTHOC option in NONMEM.

PD model diagnostics and validation

Goodness of fit for the various models was assessed based

on the examination of the following: achievement of model

convergence with parameter estimates (preferably to[two

significant places), examination of the objective function

obtained from the NONMEM output (equivalent to the

-2 9 log-likelihood function), noting that a smaller value

corresponds to a better model fit to the data; and visual

diagnostics—visual diagnostics included examination of

the symmetry and dispersion of the ratio of observed/pre-

dicted tumor volumes (population and post hoc predic-

tions) versus time for each cohort, noting that a perfect fit

would produce observed/predicted ratios equal unity for all

time periods (Fig. 3). A visual predictive check was per-

formed as an internal model validation, to test the ability of

the fitted models to predict the actual tumor volumes versus

time profiles during treatment with the various therapeutic

antibodies [45]. This involved using the models fitted to

simulate 1,000 theoretical tumors for each dose regimen

and calculating 5th, 25th, median, 75th and 95th percentile

ranges, were then plotted versus time, and superimposed

100

10

3

2

C
on

ce
nt

ra
tio

n,
 µ

g/
m

l 

1

Days
0 2 4 6 8 10 12 14 16

1

Fig. 2 Simulated average serum concentrations of DT-IgG (1),

cetuximab (2) and bevacizumab (3) in nude mice administered

2.5 mg/kg antibody (i.p.) twice a week (e.g., Friday and Monday).

The average systemic clearance (CL/F) and volume of distribution

(V/F) of DT-IgG were 0.089 l/kg/day and 0.194 l/kg, respectively.

The average two-compartment and one-compartment PD parameters

of bevacizumab and cetuximab, respectively, in nude mice after i.p.

administration were obtained from previous studies and used

unchanged in the simulation [42, 43]
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over the experimental observations, for comparison

(Fig. 4a i–iii for Tu212, 4b for GEO, and 4c for A549

xenografts). A visual predictive check was also used to

perform an external validation using data from animals

bearing Tu212 xenografts, since that cohort contained the

most extensive data (n = 28 xenografts, from four treat-

ment regimens (including IgG control), comprising 218

observations). This involved fitting a model to the twice a

week doses of DT-IgG and IgG cohorts (0, 0.625, and

1.25 mg/kg), and using the model to simulate tumor vol-

umes versus time profiles for mice treated with 1.25 mg/kg

once per week, and comparing predications to actual

observations (Fig. 4a iv).

Comparison of PD between therapeutic antibodies

Separate PD models were fitted for tumors derived from

each cell line. Models were initially fitted using the com-

bined tumor data from mice treated with DT-IgG and

control) IgG (step A). To allow comparison with other

therapeutic antibodies, models were then refitted to data

from animals treated with bevacizumab and cetuximab

(step B). During step B, the parameters fitted in step A were

held constant; however, the IIV of L0 and L1 were allowed

to vary. Concentration exponents (c) for bevacizumab and

cetuximab were assumed equal to 1, since limited data were

available for those treatments. Xenografts treated with the

Fig. 3 Goodness of fit

diagnostic plots for the various

models: a Tu212 HNSCC,

b GEO colon cancer and c A549

lung adenocarcinoma. Ratios of

observed tumor volumes

divided by volumes predicted

by the pharmacodynamic model

were plotted versus time for

each mouse. Also listed are the

number of tumor bearing mice

included in each analysis. The

left panels are based on the

‘‘typical’’ prediction without

including model variability

(population fit), while the right
panels are based on the

complete model including inter-

individual variability (IIV) (post

hoc fit). The curvilinear plots

depict local regression smoother

(LOESS). If the model fitted the

data perfectly, all lines would

lie horizontally at 1.0. Inclusion

of the error model (population

vs. ad hoc model) decreased the

standard errors of prediction for

the Tu212 cohorts treated with

IgG or DT-IgG, bevacizumab

and cetuximab decreased from

29 to 1 6%, 35 to 21%, and 29

to 13%, respectively; Similarly,

the decrease in standard errors

of prediction for the GEO

tumors were 28–10%, 24–7%,

and 38–12%, respectively,

while the decrease in standard

error of prediction for the A549

cohorts were from 12 to 5%, 15

to 10%, and 18 to 9%,

respectively. Improved fit with

the post hoc models is expected

because they include IIV
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bevacizumab ? cetuximab combination were not modeled

due to insufficient data.

Results

Statistical comparison of the growth kinetics tumor

xenografts

Tu212, A549 and GEO xenografts were grown in the flanks

of nude mice. The volumes of these tumors were plotted

versus time from mice treated with IgG, DT-IgG, or bev-

acizumab and cetuximab alone or in combination and are

shown in Fig. 1. The doses of antibodies administered i.p.

to mice bearing Tu212 xenografts were 1.25 mg/kg, while

mice bearing GEO and A549 xenografts received 2.5 mg/kg

twice per week. All treatments suppressed tumor growth

significantly compared to the IgG control in Tu212 xeno-

grafts (P \ 0.0001). DT-IgG inhibited tumor growth, to a

similar degree as bevacizumab, but was less potent com-

pared with cetuximab (P \ 0.026) or the combination of

bevacizumab and cetuximab (P \ 0.0008). In the case of

GEO and A549 xenografts, DT-IgG demonstrated similar

efficacy to bevacizumab and cetuximab alone. However,

the combination of bevacizumab and cetuximab was

more efficacious than the other treatments (P \ 0.0001). A

Fig. 3 continued
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dose-dependent decrease in median tumor growth was

observed for Tu212 and A549 tumors treated with the

various dose regimens of DT-IgG. However, a large degree

of variability and substantial overlap was observed in

tumor volumes of cohorts treated with the various doses of

DT-IgG.

PK of DT-IgG

Serum concentrations of DT-IgG were fitted to a one-

compartment model since data were only available post

absorption following i.p. administration and declined

mono-exponentially. The average systemic clearance

(CL/F) and volume of distribution (V/F) of DT-IgG were

0.089 l/kg/day and 0.194 l/kg, respectively.

Predicted serum concentrations of DT-IgG, cetuximab,

and bevacizumab following twice a week i.p. administra-

tion at 2.5 mg/kg i.p. doses per antibody in nude mice are

plotted in Fig. 2. The predicted accumulation of bev-

acizumab in serum was markedly higher for bevacizumab

than for DT-IgG or cetuximab, due to its smaller apparent

distribution volume and longer t1/2 than the other anti-

bodies. Although the serum t1/2 of DT-IgG and cetuximab

was similar, serum concentrations of DT-IgG were lower,

Fig. 3 continued
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suggesting that DT-IgG has a larger apparent volume of

distribution.

Tumor PD modeling

A cytotoxic model that assumed direct killing of dividing

cells by the therapeutic antibodies [34] did not converge

and was rejected in favor of the growth inhibition model

(data not shown). The population PD parameters fitted to

describe the growth of the various tumor xenografts during

treatment with DT-IgG, bevacizumab, cetuximab and the

IgG antibodies are summarized in Table 1. The respective

relative standard errors (RSE, %) were included in the

table when they were included in the NONMEM output.
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Fig. 4 Model validation by ‘‘visual predictive check,’’ performed on

the DT PD models of tumor volume of xenografts versus time and

DT-IgG treatment regimen in nude mice bearing: Tu212 tumors

(a) treated with IgG (i), 0.625 mg/kg DT-IgG twice per week (ii), or

1.25 mg/kg DT-IgG twice per week (iii). As an external model

validation, the tumor growth rate of during 1.25 mg/kg once per week

regimen was simulated using the model fitted using only data from

mice receiving twice a week DT-igG and compared with actual data

(iv). Similar internal validations were performed for GEO tumors

(b) treated with IgG (ii) or 2.5 mg/kg DT-IgG twice per week (ii), and

A549 tumors (c) treated with IgG (i), 2.5 mg/kg DT-IgG once per

week (ii) or 10 mg/kg DT-IgG twice per week (iii). One thousand

simulations were performed for each treatment regimen to calculate

and percentiles (P5, P25, P50, P75 and P95) of tumor volume versus

time. The actual observations were superimposed over these ranges

for comparison
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Inter-subject variations (IIV) were estimated for L0 and L1

and were reported as % coefficients of variation (% CV),

noting that the % CV for log-normal distribution =

H(e^x2 - 1) 9 100, where x2 is the lognormal variance.

The RSE reported for IIV were for x.

The model described tumor growth satisfactorily for

animals treated with IgG and DT-IgG (step A) and con-

verged to[2.3 decimal places. The IC50 of DT-IgG versus

Tu212, GEO, and A549 were 12, 30.5, and 85 lg/ml,

respectively. IIV of L0 and L1 indicated marked intrinsic

variability in tumor kinetics of the various xenografts.

A549 and GEO tumors had faster linear growth rates than

Tu212 (200 and 161 vs. 66.1 mm3/day, respectively), and

Tu212 demonstrated a more abrupt transition (w = 14.9),

than GEO (6.67), or A549 (1.47) xenografts. The predicted

effect of DT-IgG on reducing plateau tumor volume

(modeled by kDpl) was greater for Tu212 than for A549 or

GEO xenografts (kDPL = 0.15, vs. and 1.4 9 10-3 and

4.7 9 10-5 (negligible), per day ng/ml, respectively).

Plateauing of tumor growth with size independent of drug

(kpl) was more apparent with A549 than with Tu212 or

GEO xenografts (6.9 9 10-3 vs. 1 9 10-3 and 4 9 10-4,

per mm3/day, respectively. Models fitted to the bev-

acizumab and cetuximab data (modeling step B) converged

to fewer decimal places than the models fitted in step A.

The models of Tu212 xenografts treated with bevacizumab

and cetuximab did not converge to 2 decimal places.

Therefore, these IC50 values should be considered

approximate. The cetuximab IC50 values fitted for GEO,

Tu212, and A549 were 87.5, 135, and [17,000 lg/ml, in

concert with their EGFR and K-ras status. The corre-

sponding IC50 values of bevacizumab were 126, 119, and

140, respectively.

The observed/predicted ratios (population and post hoc)

for tumor volumes of Tu212, GEO, and A549 xenografts

versus time were plotted in Fig. 3a, b, and c, respectively.

The dispersion of the ratios about the x-axis is a measure of

deviation of the model from the observed data. A local

regression smoother (LOWESS) was also included in each

plot. The errors of prediction for the DT-IgG models were

reduced by inclusion of IIV for L0 and L1, and the median

predicted errors were reduced from 29 to 16%, 34 to 10%,

and 12 to 5%, for the Tu212, GEO, and A549 models,

respectively. Likewise, the errors of prediction of bev-

acizumab and cetuximab were reduced by inclusion of

variations in the model. The improved fit with the post hoc

model is expected because that approach permits IIV [47].

Overall, the diagnostic curves suggest that the model

described the tumor volumes versus time profiles ade-

quately, although there was a trend toward underestimation
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of Tu212 and GEO tumor volumes during the first 5 days

of the experiment when tumors were small.

Model validation

Figure 4a i–iii contain plots of simulated percentile ranges

(P5, P25, median, P75, P95) of Tu212 tumor volumes versus

time predicted by the full model assuming dosages of

0.625, 1.25 mg/kg twice per week, respectively. The

corresponding curve for 1.25 mg/kg DT-IgG once per

week (iv) represents an external validate, since the per-

centile ranges were simulated using the model fitted using

only the IgG twice per week DT-IgG regimen. Internal

‘‘visual predictive check’’ validations of GEO tumors

treated with IgG and 2.5 mg/kg are summarized in Fig. 4b

i and ii, respectively, while those for A549 tumors treated

with IgG, 2.5 or 10 mg/kg of DT-IgG, are summarized in

Fig. 4c i–iii. The data spread about the predicted

Table 1 Tumor growth and pharmacodynamic parameters

Model step A

Estimate (RSE, %)

Tu212 oral squamous carcinoma

(elevated EGFR, wt Kras)

GEO colon cancer

(low EGFR, wt K-ras)

A549 lung adenocarcinoma

(low EGFR, mut K-ras)

(29 per wk group) (all groups)

Parameters fitted for DT-IgG

IC50 (lg/ml) 12 (44.5) 12 (0.3) 30.5a 85 (58.4)

c 1 (68.0) 1 (48.0) 0.96a 0.94 (70.2)

L0, (exponential, day-1) 0.075 (36.0) 0.075 (26.7) 0.196 (20.4) 0.371 (14.6)

L1,(linear, mm3/day) 66.3 (40.1) 66.1 (20.0) 161 (36.3) 200 (0.002)

kDpl (day ng/ml)-1 0.15 (58.0) 0.15 (33.3) 4.7 9 10-5a 0.0014a

kpl (day)-1 1.0 9 10-3a 1 9 10-3 (0.03) 4.14 9 10-4a 6.9 9 10-3 (20.5)

w 14.9a 14.2a 6.67a 1.47 (27.9)

IIV L0 (%)d 58 (43) 58 (16) 51.8 (28) 30 (46)

IIV L1 (%)d 10a 10a 59.6 (100) 49 (39)

r2 (mm3) 0.072 (1.3) 0.071 (1.4) 0.037 (35.1) 0.026 (2.8)

-2 9 log likelihood -177 -234 -187 -734

Significant digits 2.3 2.3 3.0 3.1

Model step B

Estimate (RSE, %)

Tu212 model A,

co-fitted to bevc
Tu212 model A,

co-fitted to cetc
GEO model A,

co-fitted to both bev and cet

A549 model A,

co-fitted to both bev and cet

Tumors treated with bevacizumab (bev) and cetuximab (cet)

IC50 of bev (lg/ml) 119a 126 (36.5) 140 (37.1)

IC50 of cet (lg/ml) 135a 87.5 (38.9) [17,000a

c for cet and bevb b 1 1 1 1

IIV L0 (%)d 74 a 54a 41.5 (12) 16 (25)

IIV L1 (%)d 13a 14a 36 (20) 49 (25)

r2 (mm3) 0.10a 0.09a 0.064 (4.7) 0.12 (2.3)

-2 9 Log likelihood -263 -300 -280 -426

Significant digits \1 \1 2.3 2.3

Median inhibitory concentrations (IC50), concentration exponents (c) of DT-IgG, as well as tumor growth modeling constants describing the

exponential (L0) and linear (L1) phases of tumor growth, steepness of transition from exponential to linear tumor growth (w), and drug-dependent

(kDpl) and drug-independent (kp) decrease in plateau volumes of the various tumors, were derived by co-fitting tumor volumes versus time

profiles of mice treated with DT-IgG and IgG (control), (models A). IC50 and c of bevacizumab (bev) and cetuximab (cet) were obtained by

refitting the model to the entire data set for the respective tumors, holding the IC50 and c fitted in A constant (models B). IIV of L0 and L1 were

allowed to vary when fitting models B. Since tumor volumes were assumed to be distributed log-normally, log-transformed tumor volumes were

used in the model fitting. Therefore, predicted tumor volumes were obtained by exponentiation of the dependent variable
a RSE were not reported if [parameter estimate
b c fixed to 1 in model
c The IC50 of bevacizumab and cetuximab in Tu212 cells were fitted separately, since when combined, the model was unable to converge
d IIV of L0 and L1 were reported as % RSE, noting that % CV for log-normal distributed parameters = H(e^x2 - 1) 9 100, where

x2 = variance. The % RSE reported for IIV were for the estimate of x. PD models were fitted using NONMEM ver. 7.1. The approximate

molecular weights of DT-IgG, cetuximab, and bevacizumab are 145, 146, and 149 kD, respectively
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percentiles of the various tumor xenografts in mice treated

with the various treatments, suggests that the model ade-

quately mimicked the experimental data. However, the

variations in tumor sizes were over-predicted for the GEO

tumors, which could have resulted from data limitations, as

only data from IgG (control) and DT-IgG 2.5 mg twice per

week treatments were available to fit the GEO xenograft

model.

Discussion

DT-IgG is a fully humanized dual IgG antibody being

developed to simultaneously target EGFR and VEGF,

respectively) which, once activated, stimulate the growth

of many tumors. In this study, we compared the efficacy of

DT-IgG with that of bevacizumab which targets VEGF,

cetuximab which targets EGFR individually and with the

bevacizumab ? cetuximab combination, each adminis-

tered i.p. at the same dosages to athymic immunocom-

promised (nu–nu) mice bearing human xenografts. Tumor

xenografts tested were comprised of Tu212, a HNSCC

which express high levels of EGFR and have wild-type

(wt) K-ras; GEO colon cancer cells that express low levels

of EGFR and have K-ras-wt; and NSCLC A549 cells

expressing low levels of EGFR and mutated (mut) K-ras.

Statistical analysis indicated DT-IgG produced similar

efficacy compared with bevacizumab in all tumors tested,

but was less efficacious than cetuximab in Tu212 xeno-

grafts. All monotherapies were less efficacious than bev-

acizumab ? cetuximab, and all therapeutic antibodies

were more efficacious than the IgG control treatment.

Comparison of predicted serum concentrations of the

therapeutic antibodies administered at the 2.5 mg/kg i.p.

twice per week (Fig. 2) indicated that bevacizumab pro-

duced higher serum concentrations and demonstrated

greater accumulation between doses than the other agents,

due the longer t1/2 (5.5 day vs. *1.7 day for cetuximab

and DT-IgG), and a smaller apparent Vd. A larger apparent

Vd may be expected for DT-IgG, since DT-IgG targets both

EGFR and VEGF. Therefore, the spectrum of tissues

binding either anti-EGFR or VEGF could be greater than

those binding to only one. The bound fraction of antibody

is removed from serum, leading to a larger estimate of Vd.

Interestingly, the Vd reported for cetuximab was greater

than that of bevacizumab [42, 43], which could suggest a

greater extent of antibody binding for cetuximab. However,

the antibodies were administered i.p., so that differences in

Vd could also be due to differences in tissue binding in the

peritoneal cavity, resulting in an altered fraction of anti-

body reaching the systemic circulation. The similar t1/2 of

DT-IgG to cetuximab suggests that the dose frequency of

DT-IgG could be similar to cetuximab, provided adequate

post-infusion serum concentrations are achieved. PK-PD

modeling was used to further explore the efficacy of

DT-IgG.

The growth of tumor xenografts is intrinsically variable

and difficult to control experimentally [48, 49]. Therefore,

a NONMEM model was used to model the PD parameters

and the IIV in the growth kinetics among xenografts of the

same cell lines. This modeling approach produces a median

response curve analogous to geometric mean response

(population fit) and a post hoc prediction for each tumor

based on the fitted parameters and variance structure (post

hoc response) [38, 45, 46]. The inclusion of inter-individ-

ual variance (IIV) of growth constants L0 and L1 ade-

quately described tumor variations to treatment with the

therapeutic antibodies (Fig. 1). Antitumor activities were

modeled using a tumor growth inhibition model, since

inhibition of VEGF and EGFR are not directly cytotoxic,

and a cytotoxic model [33] did not describe the data

adequately.

The in vivo serum IC50 of DT-IgG indicated greater

potency versus Tu212 than GEO or A549 (IC50 = 12, 30.5,

and 85 lg/ml, respectively) in accordance with the K-ras

and EGFR status of the various cell lines. Likewise, the

IC50 of GEO, Tu212, and A549 increased in accordance

with EGFR and K-ras status. However, differences in

bevacizumab IC50 between xenografts were less substantial

(119–140 lg/ml). In all cases, the in vivo IC50 of DT-IgG

was lower than that of bevacizumab and cetuximab

(Table 1).

The effect of dose frequency on tumor response was

assessed by comparing simulated percentile ranges of

tumor volume versus time, relative to predicted serum

concentration of DT-IgG administered at 0.625 mg/kg

twice per week and 1.25 mg/kg once per week regimens,

respectively. The superior response observed at 0.625 mg

twice per week may be explained by the higher predicted

steady-state serum concentration than at the 1.25 mg once

a day regimen. This suggests that it may be prudent to

avoid the low trough levels of DT-IgG observed with the

once a week dosage, which could allow tumor growth to

recover toward the end of the dose interval.

The DT-IgG models fitted percentile ranges (P5, P25,

P50, and P95) of tumor volume versus time were in agree-

ment with the actual Tu212 and A549 data, but over-pre-

dicted the volume ranges for GEO tumors, probably as a

result of limited data for the GEO xenografts (Fig. 3c).

Furthermore, the model fitted using Tu212 data from twice

per week DT-IgG treatment regimens successfully pre-

dicted the percentile ranges for the of tumor volume versus

time for the 1.25 mg/kg once per week cohort. Therefore,

the model could be applied to design dose regimens based

on targeted tumor responses for further preclinical devel-

opment of DT-IgG.
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In summary, this analysis suggest that that DT-IgG had

a lower in vivo IC50 compared with the other antibodies

tested, which partially compensated for lower serum con-

centrations. However, larger DT-IgG doses are needed to

produce efficacies similar to bevacizumab ? cetuximab. A

t1/2 similar to cetuximab suggests that provided suitable

post-infusion serum concentrations are achieved, DT-IgG

may be suitable for once per week administration since

cetuximab is typically administered once per week and has

been considered for biweekly administration for the treat-

ment of colorectal neoplasms [50]. Furthermore, using a

bifunctional antibody similar to DT-IgG would avoid

dosing complications arising from co-administration of

bevacizumab and cetuximab which have markedly differ-

ent PK profiles. The model successfully predicted tumor

responses for DT-IgG versus dose and could be used to

design treatment regimens that target specific antitumor

efficacies for further preclinical testing.
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